With the release of Global Precipitation Measurement Integrated Multi-satellitE Retrievals for GPM products, hydrologists can obtain precipitation data with higher resolution and wider coverage.
INTRODUCTION
As an essential input of hydrological research, precipitation datasets play an important role in the research of flood However, several studies have indicated that 3B42 is less accurate in the Qinghai-Tibet Plateau, alpine, and gorge regions due to its topography (Liu et Global Precipitation Measurement (GPM) (Hou et al. ) is the successor of Tropical Rainfall Measurement Mission (TRMM) (Rui ) . This mission is conducted by the National Aeronautics and Space Administration (NASA) with the aim to provide more accurate and timely precipitation data for hydrology, meteorology, and agriculture. Compared with its predecessor (TRMM), the observation methods and inversion algorithms of GPM have been substantially improved. It is more sensitive to capture micro-precipitation and differentiate snow and rainfall events (Draper et al. ) . The most representative algorithm is the Integrated Multi-satellitE Retrievals for GPM (IMERG) , which provides precipitation data at a spatial resolution of 0.1 × 0.1 with a coverage range of 60 N-60 S and a time resolution of 0.5 h since 12 March 2014 (Huffman et al. ) . Similar to TMPA, IMERG provides both near real-time precipitation data and post-processed precipitation data. The near real-time version offers two products, i.e. 'Early run' and 'Late run', and the post-processed version offers 'Final run' (hereinafter referred to as IMERG-E, IMERG-L, and IMERG-F, respectively). GPM will immediately perform the inversion algorithms after obtaining the observation data and provide precipitation estimations. Generally, the first result, IMERG-E, is released 4 h after the observation data is obtained. After receiving more calibration data, GPM will perform the algorithms again and produce the second product, IMERG-L, which is generally released 12 h after the observation. IMERG-F is similar to 3B42-V7, which is calibrated using monthly meteorological data from the Global Precipitation Climatology Centre (GPCC); consequently, a 2.5-month delay is generally unavoidable.
Since the release of the first batch of data from NASA, several scholars have begun to preliminary research GPM IMERG-F. Tang et al. () evaluated the detection capability and accuracy between 3B42-V7 and IMERG-F for mainland China. The results show that IMERG-F product performs better than 3B42-V7 at all time scales. With regard to light precipitation detection, GPM performs better than TRMM. With regard to high latitude and arid regions, IMERG-F still performs better than 3B42-V7 (Gaona et al. ) . All these results demonstrate that GPM has achieved great progress compared with TRMM.
However, the accuracy of IMERG products in regions with special terrain and climate remains unexplored. Another study was conducted on the Chindwin basin in Myanmar, and the results indicate that IMERG-F presents a non-significant improvement and the detectability of heavy rain is inferior to that of 3B42-V7 in the data-sparse mountainous area (Yuan et al. ) .
There are many important rivers in the world that originate in alpine and gorge areas, and these areas often lack sufficient meteorological data. Obtaining reliable precipitation data in such areas is thus difficult for hydrologists. Since the complexity of the terrain impacts the accuracy of multi-satellite observations, and the data deficiency obstructs the calibration of multi-satellite data (Castro et al. ; Wang et al. a) , an evaluation of the hydrological performance of IMERG products over complex terrain and sparse data conditions is necessary. Moreover, decision-making, such as flood forecasting and drought warning, requires a near real-time precipitation product.
Until now, unfortunately, research on GPM near real-time products (IMERG-E and IMERG-L) is inadequate. Moreover, previous studies were mostly conducted at a large spatial scale, with little focus on the basin scale. To overcome these existing limitations, this study was conducted.
The Lancang River Basin is an alpine and gorge area with sparse data that was selected for this case study. Statistical methods and the variable infiltration capacity (VIC) hydrological model were adopted to evaluate the accuracy and hydrological utility of four products (IMERG-E, IMERG-L, IMERG-F, and 3B42-V7). This study provides a reference for the hydrological application of IMERG products in regions similar to the Lancang River Basin. The remainder of this paper is organized as follows: Section 'Study area and data' provides details of the study area and the dataset used in this paper. Section 'Methods' introduces the statistical and hydrological simulation methods. Sections 'Results and analysis' and 'Discussion' present the main results and the discussion, respectively. Finally, the main conclusions are summarized in the last section.
STUDY AREA AND DATA

Study area
The Lancang River (Upstream of the Mekong River) is one of the most important international rivers in China and offers an abundance of both hydropower and biological resources (Wang et al. a; Li et al. ) . The basin runs from north to south, and the altitude increases from south to north. To eliminate the influencing factors, such as dense meteorological stations and climatic factors on the lower reaches of the river, the river section above the Jiuzhou hydrological station (99.22 E, 25.78 N) was selected as study area (hereinafter referred to as the Lancang River Basin). As shown in Figure 1 , the Lancang River .85 N) is a typical alpine and gorge region with sparse distribution of meteorological stations (also called rain gauge stations). The elevation of the study area ranges from 6,471 m to 1,243 m above the sea level, and the vertical variation of precipitation is obvious.
The basin spans eight latitudes from north to south. It is a typical narrow-shaped basin with a large stream gradient and a strong downcutting effect. The basin's mean annual runoff is 30.6 billion m 3 , which is supplemented by precipitation, groundwater, and snowmelt water.
The basin area selected in this study is 87,205 km 2 , and the Jiuzhou hydrological station provides streamflow data.
The study area was divided into 188 grids at a spatial resolution of 0.25 × 0.25 , and a total of 19 meteorological stations were adopted for analysis in this study. The stations that were selected in this study exclude the stations used to calibrate IMERG products.
Data
Multi-satellite precipitation products 3B42-V7 is a post-processed product of TMPA that can be downloaded from https://pmm.nasa.gov/data-access/ downloads/trmm. V7 indicates that 3B42 has been updated 
Land cover and soil texture data
The underlying surface data used to drive the VIC hydrological model mainly includes land cover, soil texture parameters, and 3D geographic information in the study area. Among these, the land cover data was obtained from a global 1 km resolution land cover database, which was 
METHODS
Statistical methods
The formula for the statistical indexes used in this study is shown in Table 1 . The probability of detection (POD), frequency of hit (FOH), and critical success index (CSI) were used to evaluate the detectability of the multi-satellite products. Since the above three indexes do not take the true negative events into account, it is still necessary to use Hanssen and Kuipers Score (HKS) and Heidke Skill Score (HSS) to evaluate the detectability of a satellite. HKS considers the impact of accurately identifying non-precipitation events on the scoring results with values ranging between À1 and 1. The HSS was used to evaluate whether the detectability of the product was better than a random forecast. The value range of HSS is [À∞, 1], and values above 0 indicate that the product has a detecting ability. The Pearson correlation coefficient (CC) was used to assess the correlation between two datasets; the relative bias (BIAS) and the rootmean-square error (RMSE) were used to evaluate the deviation of two datasets; the normalized mean square error (NMSE) was used to evaluate the accuracy of the data considering the inherent deviation of reference data. In general, an NMSE above 1.0 indicates that the application effect of the data is not as good as the mean value of the reference data (Yao & Tan ); the Nash-Sutcliffe coefficient of efficiency (NSCE) is usually used to evaluate the quality of a model (Nash & Sutcliffe ) . In addition, when comparing the accuracy of different multi-satellite precipitation products, a Taylor diagram was adopted as one of the evaluation methods (Taylor ) . The diagram visually reflects the relationship between different products and reference data, using CC and normalized standard deviation (NSD) displayed as a polar graph. It has been suggested that a closer product representative point to the reference data representative point yields a higher product accuracy. The centered root-mean-square error (CRMSE) was used to describe the distance between two points.
The four multi-satellite precipitation products (IMERG-E, IMERG-L, IMERG-F, and 3B42-V7) and CGDPA, from 12
March 2014 to 30 November 2017, were selected as raw data for statistical analyses. POD, FOH, CSI, HKS, and HSS were used to assess the detecting ability of different products.
Statistical analysis was performed at two temporal scales (daily scale and monthly scale) and two spatial scales (grid scale and basin scale). The data processing method at the grid scale compares the precipitation data between the satellite grid and the nearest gauge station.
The algorithm of the basin scale is as follows:
1. Calculate the average daily precipitation of all stations in the basin. POD POD ¼ n 11 n 11 þ n 10 1 FOH FOH ¼ n 11 n 11 þ n 01 1 CSI CSI ¼ n 11 n 11 þ n 01 þ n 10 1 HKS HKS ¼ n 11 n 11 þ n 10 þ n 01 n 01 þ n 00 1 HSS HSS ¼ 2(n 11 n 00 À n 10 n 01 ) (n 11 þ n 10 )(n 10 þ n 00 ) þ (n 11 þ n 01 )(n 01 þ n 00 ) 1
Note: P, reference sequence; S, sequence to be evaluated; var, the variance operator; cov, the covariance operator; n xx , the number of events that satisfy the condition; The first x indicates whether there is a precipitation event; the second x indicates whether the satellite detects a precipitation event; 0 indicates no, and 1 indicates yes.
2. Calculate the average daily precipitation of all satellite grids in the basin.
3. Calculate the statistical indexes of the two sets of data.
Furthermore, the precipitation data at two spatial scales were classified and calculated at the daily scale, and the probability distribution function (PDF) and ratio of rainfall (RR) at different rainfall rates were computed. The RR is the ratio of the rainfall in the same rainfall intensity range to the total rainfall.
The monthly precipitation data from CGDPA and the multi-satellite products were processed into a set of comparison sequences, and statistical indexes (CC, BIAS, and RMSE) were calculated. Time-ordered accuracy indexes were obtained and used to study the variation characteristics of the product error over time. Then, taking CGDPA as a reference, the statistical indexes of the individual grid were calculated to explore the spatial error distribution of the multi-satellite products.
Hydrological simulation
The VIC macroscale hydrological model ( Hydrological simulations were performed at a daily scale, using two scenarios to fully exploit the potential of multi-satellite precipitation products. Due to a lack of observed runoff data from 2014 to the present, the simulated runoff based on rain gauge data was used as a reference.
In hydrological research, the lack of observed data (or satisfying data) is a common occurrence. Yong et al. () suggested that using the measured precipitation data to 
RESULT AND ANALYSIS
Statistical evaluation
The average annual precipitation of IMERG products The detection ability of the four multi-satellite products was evaluated using the CGDPA precipitation product.
The daily precipitation of all grids was treated as a set of comparison sequences, and the overall indexes are shown in Table 2 . The POD of IMERG products reached 0.82, while the FOH was slightly less than that of 3B42-V7. This phenomenon indicates that the false negative event of IMERG products is less than 3B42-V7, and the false positive event is more. The CSI results show that the detectability of all IMERG products was generally higher than that of 3B42-V7. The detectability of the products was further quantified using two detect skill scores: HKS and HSS. The results of the skill scores show that IMERG products have good detecting ability with 3B42-V7, and the former is better.
Overall, all IMERG products showed better detectability than 3B42-V7, and each detecting index between the near real-time products and the post-processed products of IMERG was quite close, which may be due to the sparse GPCC network. This situation weakens the calibration effect on the post-processed products, and therefore, the detecting ability of the post-processed products improved less.
The detecting indexes for each grid were calculated separately. The distribution of different indexes is shown in Figure 3 , and the spatial distribution is shown in Figure 4 . The accuracy evaluation results are shown in Table 3 and Figure 5 . The results of 3B42-V7 are similar to those of our previous study (Wang et al. b) . At the daily grid scale, the performance is poor, but with the expansion of temporal and spatial scales, the accuracy could be greatly improved, and the overall performance of the product was satisfying. At the daily grid scale, IMERG products showed less error and higher correlation than 3B42-V7. However, in the estimation of the total precipitation (see BIAS), IMERG products at three other scales. In general, the near real-time products are significantly less accurate than the post-processed products because they have not been calibrated with GPCC monthly meteorological data. With regard to the good performance in both IMERG-E and IMERG-L in this study, it can be concluded that the high-quality raw data and algorithms of GPM enable the product to perform well before calibration. However, the advantages of the post-processed products are not obvious under the condition of sparse gauge station distribution, and moreover, the accuracy improvement caused by calibration is limited. Figure 7 shows the PDF and RR for each precipitation data at different rainfall rates. At the grid scale, IMERG products underestimate the PDF of no-precipitation event and overestimate the PDF at a rainfall rate of 0-1 mm/day, which accounts for less than 10% of the total rainfall. The PDF of the precipitation with a rainfall rate of >1 mm/day is similar to the gauge data. At the basin scale, all four products tend to underestimate the PDF of no-precipitation and overestimate at a rain rate of 0-1 mm/day, which indicates that IMERG may still suffer from excessive sensitivity to light precipitation. The PDF at a rainfall rate >1 mm/day is still similar to the gauge data, and the distribution of RR for the post-processed products is consistent with the gauge data, while the near real-time products show a different distribution. that the winter rainfall is relatively small, this will not affect the subsequent hydrological simulation. Overall, although the near real-time products have not been calibrated by the GPCC monthly data, their correlation is still close to that of the post-processed products. The satellites have accurate estimates of precipitation for most of the time (see BIAS). The near real-time products tend to underestimate the actual precipitation. RMSE is affected by rainfall and increased during periods of heavy rainfall. Overall, the BIAS and RMSE of the near real-time products deviate farther from the optimal values than that of the post-processed products.
The spatial distribution of the error is shown in Figure 9 .
3B42-V7 achieved a poor correlation on the northern part of the basin and the gorge area. This has been significantly improved in IMERG products, of which IMERG-F performed best. Spatially, the near real-time products still tend to underestimate precipitation (negative BIAS), while the post-processed products tend to overestimate it (positive BIAS). The precipitation in the basin showed less error in the time dimension; therefore, the RMSE calculation result was small. Due to the large rainfall in the south, the RMSE has also increased accordingly. IMERG-L performs slightly better on RMSE.
Hydrological evaluation
The uncertainty analysis result is listed in Table 4 . Using measured data as a reference or using the gauge-based simulation result as a reference can lead to the same conclusion (CC above 0.85 and NSCE above 0.70). The difference of the RMSE obtained based on these two references remains within 100 m 3 /s, indicating that the error of the result can be correctly recognized even if the gauge-based simulation result is used as a reference. However, it should be noted that using the gauge-based result as a reference may lead to a slightly overly optimistic conclusion. The conclusion consistency and the optimism occur during both the calibration period and the validation period and are not an accidental phenomenon. In addition, for the BIAS, it is best to refer only to its absolute value. Its positive or negative sign (simulated runoff is higher/lower than the reference data) has little reference value since its sign is mainly affected by the deviation between the measured runoff and the gauge-based simulation result. In summary, there is indeed uncertainty in the hydrological evaluation method, but the further evaluation result shows that the error caused by this uncertainty is actually very small; therefore, the following evaluation is still reliable.
The daily runoff simulation results are shown in Figure 10 (Scenario I) and Figure 11 (Scenario II). Figure 10 shows that the runoff simulated by the observed VIC model shows a high correlation with the reference runoff, but the error in the products is further amplified and transmitted to the simulation results. Compared with the statistical results in Table 3 (daily basin scale), the products error propagation through the VIC model is obtained. The CCs of the four products have improved significantly. Table 3 shows CC values of only 0.60 for IMERG-F and 0.95 for the simulated streamflow. The error propagation of BIAS shows an increasing trend, and the increasing trend of the post-processed products is more apparent; the 3B42-V7 reduces the error of the simulation results based on the postprocessed products, and the BIAS decreases sharply (2.69%
for IMERG-F and 1.55% for 3B42-V7). The NSCEs also increased to above 0.8. However, the multi-satellite VIC model was not applicable to IMERG-E and IMERG-L. this study are also listed in Table 5 for reference.
Overall, both IMERG-E and IMERG-L exhibit a certain degree of hydrological utility when the observed VIC model is used. The use of the multi-satellite VIC models allows the The Lancang River Basin is a complex basin, and the spatial continuity of its precipitation is poor, and precipitation is affected by terrain. Therefore, in theory, there must be sufficient rain gauge stations to reflect the spatial distribution of precipitation in the basin. However, the actual situation is that the rain gauge stations in the Lancang River Basin are sparsely distributed. To make the most of the data from rain gauge stations, the rainfall station around the basin was also considered when interpolating. However, this action raises another question: do the precipitation records outside the basin strongly affect the precipitation interpolation results in the basin? In fact, with the current technique, it is difficult to know the real situation of the spatial distribution of precipitation in the basin or to quantify the uncertainty; therefore, this study only applies the interpolation results to hydrological simulation. Regardless, from the previous research results with NSCE of 0.73 and BIAS of 8.56% (Wang et al. b) , the simulation results of this study proved to be reliable.
The results of the runoff simulation indicate that it is feasible to use the different inputs to calibrate the model to compensate for errors in the input data. As long as the input data contains signals (rather than absolute values) that are in-sync with the true observed value, the model can perform fairly well. However, is this the commonality 
CONCLUSIONS
In this study, IMERG products (and their predecessors, 3B42-V7) were selected to explore their accuracies and hydrological utility under data-sparse, alpine, and gorge conditions. The Lancang River Basin was used as an example. The conclusions are as follows:
1. IMERG products have a similar spatial distribution pattern for precipitation to 3B42-V7. The post-processed products (IMERG-F and 3B42-V7) tend to overestimate precipitation levels, while the near real-time products (IMERG-E and IMERG-L) tend to underestimate these.
2. The three products of IMERG achieve similar detection accuracy and perform better than 3B42-V7. The near real-time products are of good quality, while due to data-sparsity, the post-processed products are not better than the near real-time products in the gorge area.
3. The four products have high accuracy, and the error of IMERG products is smaller than that of 3B42-V7; however, 3B42-V7 is superior for estimating the total precipitation. The near real-time products have similar accuracy than the post-processed products. The RR distribution pattern of the post-processed products differs from the near real-time products and achieves a better match with the rain gauge data.
4. The performance of IMERG products in the gorge region is improved compared with 3B42-V7, and IMERG-F performed best; however, the performance of the four products is still poor in winter.
5. IMERG-F can provide better precipitation data than the 3B42-V7 for the Lancang River Basin (a data-sparse region with alpine and gorge terrains) and achieves better hydrological simulation results. Both IMERG-E and IMERG-L can also provide reliable precipitation data.
